Abstract: Copper-catalyzed γ-selective substitution of allylic carbonates with diboron provides a new method for the efficient synthesis of allylboronates. Optically active α-chiral allylboronates were synthesized through the reaction of chiral allylic carbonates with bis(pinacolato)diboron in the presence of achiral Cu(I)-catalyst with highly efficient chirality transfer. Additionally, in the presence of a chiral Cu(I) catalyst, optically active α-chiral allylboronates were obtained with >90 % ee through the reaction of prochiral substrates with the diboron.
INTRODUCTON
Stereoselective addition of allylboronates to carbonyl compounds is a powerful and widely used method for the synthesis of homoallylic alcohols [1, 2] . Although many sophisticated synthetic procedures for allylboronates have been developed, there seems to still be room for improvement. Most of the reported procedures for the synthesis of allylboronates depend on the reaction of carbon nucleophiles utilizing electrophilic features of boryl reagents. Accordingly, these methodologies are not generally applicable to the synthesis of allylboronates that have a functional group sensitive to the nucleophiles. Furthermore, although optically active allylboronates that have a chiral center at the α-position of the boron atom are extremely useful reagents due to their high efficiency in chirality transfer upon reaction with carbonyl compounds, synthesis of such compounds usually requires a stoichiometric chiral auxiliary at the boronic ester [3, 4] .
We developed a novel and versatile method for the synthesis of allylboronates through the γ-selective substitution of allylic carbonates with diboron in the presence of Cu(I)-phosphine catalysts [5, 6] . The Cu(I)-catalyzed reaction includes formal nucleophilic reaction of B-Cu intermediates to allylic carbonates. The advantages of this method over the conventional methods are high availability of the starting allylic carbonates and high tolerance to functional groups. Optically active α-chiral allylboronates were synthesized from optically active allylic carbonates that have a leaving group at a chiral carbon with high fidelity of α-to γ-chirality transfer. Additionally, a catalytic enantioselective reaction with a chiral Cu(I) catalyst was also developed. This method would facilitate synthesis of complex (11 %) with a poor E/Z-selectivity (62:38). Although the dppp (entry 3) and dppf (entry 4) complexes exhibited high regio-and E/Z-selectivities, their activities were still significantly lower than that of the xantphos complex. The PPh 3 complex (entry 5) gave poor results. Furthermore, CuOTf-PBu 3 (entry 6) and stoichiometric CuCl-KOAc-LiCl system (entry 7), which have been reported to be a catalyst for the borylation of α,β-unsaturated carbonyl compounds and allyl chloride [8a,b], were ineffective for the reaction of 1a. Palladium complex Pd(dba) 2 (entry 8), which also has been reported to be a catalyst for the reaction of allylic esters with diboron, catalyzed the conversion, but afforded a mixture of 3a and 3b in a ratio of 57:43. This low regioselectivity is attributable to the loss of regiochemical information of substrate 1a upon formation of a (π-allyl)palladium(II) complex intermediate [9] .
Synthesis of various allylboronates through Cu(I)-catalyzed reaction
By using the Cu(I)-xantphos catalyst, a variety of allylboronates, including functionalized allylboronates, were synthesized (Scheme 1). Allylboronate 3b was almost exclusively obtained from allylic carbonate 1b through the Cu(I)-catalyzed reaction. High γ-selectivity (γ:α = >97:3) was also observed even when the allylic systems are located at the terminal of the carbon chain. Accordingly, carbonates 1c and 1d were converted into the branched (3c) and linear (3d) allylboronates, respectively. Cyclic allylboronate 3e was also obtained in a good yield. High functional group compatibility of this reaction allowed one-step preparation of functionalized allylboronates from the corresponding allylic carbonates. Allylboronates containing acetal (3f), ester (3g), and isolated alkene (3h) were also obtained in high yields.
Synthesis of optically active allylboronates from chiral allylic carbonates
The present Cu(I)-catalyzed reaction serves as a versatile tool for the synthesis of optically active α-chiral allylboronates, which have a stereogenic carbon with a boryl substituent. The reaction of (S)-(E)-1i (98 % ee) with 2 in the presence of Cu(I)-xantphos catalyst (10 mol %) at 0 °C underwent an α-to-γ chirality transfer accompanied by only a slight loss of enantiomeric purity to afford (S)-(E)-3i (96 % ee) along with a small amount of the α-substituted E-isomer and γ-Z-isomer (Scheme 2). On the other hand, the reaction of (S)-(Z)-1i (97 % ee), the Z-isomer with the same configuration at the chiral center as (S)-(E)-1i, gave (R)-(E)-3i (97 % ee), the antipode of the product derived from (S)-(E)-1i, with complete chirality transfer and γ-selectivity. These results show that the two enantiomeric α-chiral allylboronates can be prepared either by changing the E/Z stereochemistry of the double bond or by changing the configuration of the allylic carbonate.
The observed stereochemical outcome can be explained by the anti-attack of the B-Cu intermediate to an allylic carbonate in a conformation that avoids an allylic 1,3-strain (Scheme 3). The coordination of a carbon-carbon double bond of (S)-(E)-1i to a copper center of the B-Cu intermediate gives a π-complex A where the O-C(α) bond and the forming Cu-C(β) bond are in an anti-periplanar arrangement that avoids an allylic 1,3-strain between the α-methyl group and the γ-hydrogen atom. Addition of the Cu-B bond across the carbon-carbon double bond gives alkylcopper intermediate B, making chiral centers at the β-and γ-positions. Then, subsequent β-elimination of the Cu(I) moiety and the carbonate group from B results in the formation of (S)-(E)-3i. In the case of (S)-(Z)-1i, similar π-complex A' is allowed to take an anti-periplanar arrangement of the carbonate and the copper center.
A chiral center at γ-position with an opposite configuration to that of B is created upon the B-C bondforming reaction. Then, (R)-(E)-3i, which is the enantiomer of the product from (S)-(E)-1i, is produced through β-elimination. The substantial allylic 1,3-strain between the methyl group and the butyl group is responsible for the high E/Z-selectivity observed in the reaction of (S)-(Z)-1i. 
ENANTIOSELECTIVE REACTION OF PROCHIRAL ALLYLIC CARBONATE AND DIBORON [6]
Next, we examined an enantioselective version of the Cu(I)-catalyzed allylic substitution with the diboron. A series of Cu(I)-phosphine catalysts were prepared in situ by mixing Cu(O-t-Bu) with chiral ligands. Catalytic activity and enantioselectivity of the catalysts were determined using the yields and ee values of allylboronate 3c (Table 2) . Good yields of 3c with high enantiomeric excesses (94-96 % ee) were obtained for the reactions of (Z)-1c with the (R,R)-QuinoxP* chiral ligand, which was recently developed by Imamoto and coworkers [10] , in various solvents such as THP, THF, toluene, and DMI (entries 1-4). The reaction using (R,R)-Me-DuPhos as a ligand showed good activity, but lower ee (80 % ee, entry 5). We envisioned that (R,R)-i-Pr-DuPhos could show a better result since it should have stronger steric effects than that of Me-DuPhos. However, (R,R)-i-Pr-DuPhos did not improve the enantioselectivity (entry 6). 
